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•  A  cubic  structure 

SrCoo.7Fe0.2Nbo.i03_5  (SCFN)  cathode 
is  prepared  by  a  solid  state  reaction. 

•  The  electrical  conductivity  of  the 
SCFN  sample  reaches  a  maximum 
304  S  cm-1  at  350  °C  in  air. 

•  The  thermal  expansion  coefficients  of 
SCFN  cathode  decrease  greatly  with 
SDC  addition. 

•  The  addition  of  SDC  to  SCFN  cathode 
reduces  the  polarization  resistance. 

•  High  power  density  of  630  mW  cm  2 
at  800  °C  for  SCFN— 50SDC  is  ob¬ 
tained  on  SDC  electrolyte. 
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A  new  cubic  perovskite  oxide,  SrCoo.7Feo.2Nbo.i03_,5  (SCFN),  is  investigated  as  a  cathode  for  intermediate- 
temperature  solid  oxide  fuel  cells  (IT-SOFCs).  XRD  results  show  that  there  are  no  serious  reactions  be¬ 
tween  SCFN  and  Smo^Ceo.sOi.g  (SDC)  except  a  slight  peak  shift.  XPS  analysis  shows  that  the  transition- 
metal  cations  in  the  SCFN  exist  in  two  different  valence  states,  i.e.,  [Sr2+][Co3+/Co4+]o.7[Fe3+/ 
Fe4+]o.2[Nb4+/Nb5+]o.i03_(5.  The  electrical  conductivity  of  the  SCFN  sample  reaches  a  maximum 
304  S  cm-1  at  350  °C  in  air.  In  order  to  optimize  thermal  expansion  coefficients  (TECs)  and  electrochemical 
performance  of  the  SCFN  cathode,  we  fabricate  SCFN-xSDC  (x  =  0,  20,  30,  40,  50,  60,  wt%)  composite 
cathodes.  The  thermal  expansion  behavior  shows  that  the  TECs  value  of  SCFN  cathode  decreases  greatly 
with  SDC  addition.  The  SDC  addition  reduces  the  polarization  resistance,  and  the  lowest  polarization 
resistance  0.0255  Q  cm2  is  achieved  at  800  °C  for  SCFN-50SDC  composite  cathode.  For  SCFN-xSDC  (x  =  0, 
40,  50,  60)  composites,  the  maximum  power  densities  of  single-cells  with  SCFN-xSDC  cathodes  on 
300  pm  thick  SDC  electrolyte  achieve  417,  557,  630  and  517  mW  cm-2  at  800  °C,  respectively.  These  results 
indicate  that  SCFN-50SDC  composite  is  a  potential  cathode  material  for  application  in  IT-SOFCs. 
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1.  Introduction 

Lowering  the  operating  temperature  of  solid  oxide  fuel  cells 
(SOFCs)  to  the  intermediate-temperature  (IT,  500-800  °C)  is  one  of 
the  main  goals  in  current  SOFCs  research  [1,2].  However,  a  key 
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obstacle  to  develop  IT-SOFCs  is  the  large  cathode  polarization 
resistance  caused  by  the  reduced  temperature.  And  one  effective 
way  is  to  develop  the  new  mixed  ionic-electronic  conducting 
(MIEC)  cathode  materials.  Most  studies  of  MIEC  cathodes  focus  on 
perovskites,  such  as  doped  LaCo03,  BaCo03  or  LaFe03  [3-7]. 

The  MIEC  oxide  SrCo03_^  is  a  very  important  compound  that  can 
be  further  developed  into  many  functional  materials  such  as  oxy¬ 
gen  separation  membranes,  combustion  catalysts  and  SOFC  cath¬ 
odes  [8-14  .  The  structural  evolution  research  showed  that  the 
phase  structure  and  electrical  conductivity  of  SrCo03_<5  was  closely 
related  with  the  oxygen  content  in  the  composite,  which  could  take 
a  wide  range  of  variation  11,15  .  Among  the  various  phase  struc¬ 
tures  of  SrCo03_<5,  the  oxide  with  the  cubic  phase  exhibits  the 
highest  electrical  conductivity  and  oxygen  permeability  values. 
Deng  et  al.  reported  that  the  electrical  conductivity  of  cubic  phase 
SrCo03_<5  was  210  S  cm-1  at  830  °C  [16  .  And  the  cubic  phase 
SrCo03_<5  exhibits  markedly  large  oxide  ion  conductivity 
(2.5  S  cm'1  at  900  °C),  which  is  several  orders  of  magnitude  higher 
than  the  typical  high  oxygen  ionic  conducting  electrolyte  of 
samaria-doped  ceria.  However,  cobalt-rich  compositions  often 
show  high  thermal  expansion  coefficients  (TECs)  17,18  .  Some 
studies  have  shown  that  the  partial  substitution  of  Co  by  Fe  could 
reduce  the  TECs  of  cobalt-based  materials  by  the  decrease  in  Co 
content  and  depressing  the  spin-state  transition  of  the  cobalt  ions 
from  low  spin  to  high  spin  [19].  However,  the  SrCoo.sFeo.203_5  oxide 
undergoes  phase  transition  from  cubic  perovskite  to  brownmiller- 
ite  structure  when  it  is  heated  in  air  [20,21  .  The  brownmillerite 
structure  has  low  ionic  conductivity  due  to  its  oxygen  vacancy 
ordering  and  shows  almost  non-oxygen  permeable  properties  at 
lower  temperatures,  which  limits  its  practical  applications  in  oxy¬ 
gen  separation  devices  and  SOFCs  [21  .  Recently,  Nagai  et  al.  [22] 
demonstrated  the  Nb  is  the  most  effective  dopant  in  SrCoC^^- 
based  oxide  for  improving  the  phase  stability  and  oxygen  perme¬ 
ability.  More  recently,  Podyacheva  et  al.  23]  systematically  inves¬ 
tigated  the  properties  of  SrCoo.8-xFeo.2Nbx03_5  (x  =  0.1 -0.3) 
perovskites  in  oxidizing  and  reducing  environments.  Their  results 
indicate  that  the  Nb  doping  content  has  a  significant  effect  on  the 
phase  structure  stability  of  the  SrCoo.sFeo.203_5  oxides,  and  thus 
significantly  extends  the  application  scopes  of  the  SrCoo.s- 
xFeo.2Nbx03_<5  materials.  This  would  also  lead  to  interesting  possi¬ 
bilities  in  terms  of  developing  cathode  materials  for  IT-SOFCs. 
Meanwhile,  it  is  widely  accepted  that  composite  cathodes  show 
some  improved  electrochemical  properties.  For  example,  compared 
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Fig.  1.  XRD  pattern  of  SCFN  sintered  at  1200  °C  for  12  h. 


(a) 


& 

c/> 

c 

0> 

c 


20  (°) 


27 


28 


29 


30 

20  (°) 


31 


32 


33 


34 


Fig.  2.  (a)  XRD  patterns  for  sintered  SCFN,  SCFN-50SDC  and  SDC  powders;  (b) 
magnified  XRD  patterns  from  27°  to  34°. 


to  (La,Sr)(Co,Fe)03,  the  composites  consisting  of  (La,Sr)(Co,Fe)03 
and  Ceo.9Gdo.1O1.95  show  the  low  interfacial  polarization  resistances 
over  a  temperature  range  of  500-700  °C,  because  the  composite 
cathodes  expand  the  active  triple-phase  boundaries  (TPBs)  from 


Fig.  3.  XPS  spectra  of  O  Is  in  the  SCFN  sample  at  room  temperature. 
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Fig.  4.  XPS  spectra  at  room  temperature  for  the  SCFN  sample:  (a)  Co  2p,  (b)  Fe  2p,  (c)  Nb  3d  and  (d)  Sr  3d. 


the  two-dimensional  interface  between  the  electrolyte  and  the 
cathode  to  the  entire  zone  of  the  cathode  [24-26  .  In  addition,  the 
composite  cathodes  have  a  decreased  TEC  which  matches  to  IT- 
SOFCs  electrolyte  materials. 

In  this  study,  we  fabricate  SCFN  cubic  perovskite  oxide  as  a 
cathode  material  and  analyze  its  chemical  compatibility  with  SDC 
electrolyte.  Subsequently,  the  composite  cathodes  SCFN-xSDC 
(x  =  0,  20,  30,  40,  50,  60,  wt%)  are  prepared,  and  the  effects  of  SDC 
content  are  investigated  under  IT-SOFCs  operating  conditions. 

2.  Experimental 

2.2.  Powder  synthesis  and  cell  fabrication 

The  samples  of  SrCoo.7Feo.2Nbo.i03_,5  (SCFN)  were  synthesized  by 
a  solid  state  reaction.  Stoichiometric  amounts  of  commercial  pow¬ 
ders  SrC03  (99%),  Nb205  (99%),  Fe203  (99%)  and  Co304  (99%)  were 
weighed  and  mixed  according  to  the  composition  of  SCFN.  The 
mixed  powders  were  ground  thoroughly  with  ethanol  as  grinding 
medium  using  an  agate  pestle  and  mortar.  The  obtained  precursors 
were  pressed  into  pellets  and  calcined  repeatedly  at  1000, 1100  and 
1200  °C  for  12  h  in  air  with  intermediate  grindings,  respectively. 
Powders  of  SDC  were  synthesized  using  the  glycine-nitrate  com¬ 
bustion  method  [27].  The  composite  materials  SCFN-xSDC  were 
prepared  by  incorporating  SDC  into  SCFN,  milled  with  an  agate 
mortar  for  2  h.  The  samples  added  with  SDC  (0, 20, 30, 40, 50  and  60, 
wt%)  were  noted  as  SCFN-xSDC  (x  =  0,  20,  30,  40,  50  and  60,  wt%). 
Suitable  slurries  were  made  by  mixing  SCFN-xSDC  powders  with  an 
appropriate  organic  solvent  (10%  ethyl  cellulose  +  90%  terpineol). 
Then,  the  cathode  slurry  was  painted  onto  both  surfaces  of  the  SDC 
pellet  in  symmetric  configuration  and  subsequently  calcinated  at 
950  °C  for  2  h  under  an  air  atmosphere.  The  performance  of  SCFN 


cathode  was  evaluated  in  an  electrolyte-supported  fuel  cell. 
Ni  +  SDC  mixture  was  used  as  the  anode  and  SDC  was  used  as  the 
electrolyte  with  a  thickness  of  300  pm.  The  anode  was  painted  on 
one  side  of  the  SDC  pellet  and  sintered  at  1250  °C  for  4  h  in  air.  The 
SCFN-xSDC  slurry  was  painted  on  the  other  side  of  the  SDC  elec¬ 
trolyte  and  then  sintered  at  950  °C  for  2  h  in  air.  The  single-cell  was 
sealed  on  one  end  of  an  alumina  tube  with  silver  paste. 

2.2.  Electrochemical  characterization 

The  performance  of  the  single-cell  was  measured  using  an 
electrochemical  workstation  (CHI  660C,  Chenhua  Inc.,  Shanghai). 


Fig.  5.  TGA  curve  of  the  SCFN  sample  in  the  temperature  range  of  30-950  °C  in  air. 
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a  heating/cooling  rate  of  5  °C  min-1.  The  electrical  conductivity  was 
measured  by  the  Van  der  Pauw  method.  In  this  measurement,  the 
SCFN  powder  was  dry-pressed  into  pellets  about  13  mm  in  diameter 
and  0.63  mm  thick  under  200  MPa,  and  sintered  at  950  °C  for  2  h  to 
obtain  a  dense  cathode  substrate.  The  density  was  about  89.7%  as 
determined  using  Archimedes  water  displacement  method.  Ag  paste 
was  used  for  the  electrodes  and  placed  at  the  circumference  of  the 
sample.  The  thermal  expansion  coefficients  were  measured  with 
cylindrical  samples,  about  6  mm  (diameter)  x  4.9  mm  (height).  The 
cylinders  were  prepared  by  pressing  SCFN-xSDC  powders  at 
200  MPa  and  sintering  at  950  °C  for  2  h.  And  the  density  of  the 
SCFN-xSDC  cylindrical  samples  was  about  86.4-88.9%.  The  thermal 
expansion  coefficients  were  measured  using  a  horizontal  dilatom- 
eter  (Netzsch  DIL  402C)  over  a  temperature  range  of  30-850  °C  in  air 
with  a  flowing  rate  of  60  ml  min-1,  and  a  heating  rate  of  5  °C  min-1. 
Scanning  electron  microscope  (SEM)  studies  were  performed  using  a 
JEOLJSM-6480LV  microscope  equipped  with  an  EDAXCDU  Detection 
system  for  the  EDS  analysis. 

3.  Results  and  discussion 


Fig.  6.  Temperature  dependence  of  the  conductivity  for  SCFN  sample. 


3.1.  XRD  and  chemical  compatibility 


H2  fuel  was  fed  into  the  anode  chamber  at  a  flow  rate  of 
100  ml  min-1,  and  ambient  air  served  as  the  oxidant  gas.  The 
electrochemical  impedance  spectra  of  the  cathode  were  investi¬ 
gated  using  the  same  electrochemical  system.  The  applied  fre¬ 
quency  range  was  from  0.01  Hz  to  100  kHz  and  the  signal  amplitude 
was  10  mV  under  open  cell  voltage  (OCV)  conditions.  A  measure¬ 
ment  temperature  range  of  600-800  °C  was  adopted  in  increments 
of  50  °C  for  all  the  samples. 

2.3.  Other  characterization 

The  phase  composition  of  the  synthesized  powders  and  the  phase 
reaction  between  cathode  and  electrolyte  were  identified  using  an  X- 
ray  diffractometer  (XRD)  (Rigaku-D-Max  yA).  The  scans  were  per¬ 
formed  in  the  20  range  of  20-80°  with  an  angle  step  of  0.02°,  at 
room  temperature.  A  thermogravimetric  analysis  (TGA)  curve  was 
obtained  using  a  thermal  analyzer  (HENVEN  HCT-3)  in  air  at  a  rate  of 
50  ml  min-1.  The  sample  was  measured  between  30  and  950  °C  with 


Fig.  7.  Thermal  expansion  curves  of  the  SCFN-xSDC  composite  cathodes  and  SDC 
electrolyte  between  30  and  850  °C  in  air. 


Fig.  1  shows  the  room-temperature  XRD  pattern  of  SCFN  sample 
sintered  at  1200  °C  for  12  h  in  air  through  intermediate  grinding 
and  calcining  at  1000  and  1100  °C.  The  pattern  of  pure  SCFN  ex¬ 
hibits  pure  phase  and  high  crystallinity,  and  no  peaks  of  any  im¬ 
purities  are  observed.  The  diffraction  peaks  of  SCFN  can  be  indexed 
based  on  the  PDF  card  no.  82-2445,  with  a  cubic  perovskite  struc¬ 
ture.  The  unit-cell  parameters  are  calculated  from  the  XRD  patterns. 
For  a  cubic  structure,  the  unit-cell  parameters  of  SCFN  are  as  fol¬ 
lows:  a  =  0.389347  nm  and  cell  volume  V  =  0.059022  nm3.  The 
interfacial  reaction  between  electrode  and  electrolyte  is  highly 
deleterious,  which  increases  the  interfacial  polarization  resistances, 
and  results  in  the  degradation  of  the  SOFCs  performance  [28].  To 
examine  the  chemical  compatibility  between  electrode  and  elec¬ 
trolyte,  XRD  is  used  to  detect  the  phase  reaction  of  the  SCFN 
cathode  with  SDC  electrolyte.  Fig.  2(a)  shows  an  XRD  pattern  of  the 
SCFN-50SDC  composite  cathode.  For  comparison,  the  patterns  of 
SDC  and  SCFN  are  also  shown  in  the  same  figure.  After  sintered  at 
950  °C  for  5  h,  all  the  diffraction  peaks  could  be  indexed  well  based 
on  a  physical  mixture  of  SCFN  and  SDC  phases,  which  indicates  that 
no  serious  reaction  is  detected  in  the  binary-mixed  SCFN-50SDC 
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systems  upon  sintering  at  950  °C  for  5  h.  However,  the  main  peaks 
for  SDC  in  the  SCFN-50SDC  shift  obviously  to  the  high  angle  di¬ 
rection  indicating  the  shrinking  of  lattice  parameter,  which  can  be 
seen  clearly  in  the  magnified  XRD  pattern  for  the  Bragg  angle  range 
of  27°  <20  <  34°  (Fig.  2(b)).  The  peak  shifts  of  the  SDC  are  probably 
due  to  the  diffusion  of  the  Sm3+  ion  from  SDC  to  SCFN  since  the 
lattice  constant  of  Sm  doped  ceria  is  larger  than  that  of  undoped 
ceria  [29  .  Li  et  al.  have  reported  that  diffusion  of  Sm  from  SDC  into 
Bao.5Sro.5Coo.6Feo.403_<5  is  possible  [30]. 

3.2.  XPS  analysis 

The  XPS  spectra  are  used  to  characterize  the  element  chemical 
environment.  The  chemical  environments  of  O,  Co,  Fe,  Nb  and  Sr 
ions  are  estimated  by  curve-fitting  of  the  O  Is,  Co  2p,  Fe  2p,  Nb  3d 
and  Sr  3d  spectra,  as  shown  in  Figs.  3  and  4.  In  Fig.  3,  the  Ols  core¬ 
level  spectrum  consists  of  two  components  at  529.1  and  531.4  eV. 
The  former  is  a  typical  feature  of  hydroxyl  group  and  carbonate 
structure  (Oh),  and  the  latter  comes  from  the  oxygen  lattice  (0L) 
[31].  Fig.  4(a)  shows  the  Co  2p  core-level  spectra  of  the  SCFN 
sample.  The  main  peaks  located  at  781.9  and  796.5  eV  are  obviously 
distinguishable  from  each  other,  representing  Co4+  2p3/2  and  Co4+ 
2pi/2.  The  binding  energies  at  780.2  and  795.5  eV  are  considered  as 
features  of  Co3+  2p3/2  and  Co3+  2pi/2  [32,33  .  No  high  binding  en¬ 
ergy  satellites  at  785.0-788.0  eV  are  observed  in  the  Co  2p  core¬ 
level  XPS  spectra,  indicating  the  absence  of  Co2+  species  [34  .  The 
mixture  valence  of  Co3+  and  Co4+  exists  in  the  SCFN  sample.  In 
Fig.  4(b),  the  Fe3+  (2p3/2)  and  Fe3+  (2pi/2)  peaks  are  observed  at 
710.4  eV  and  723.7  eV  respectively,  whereas  Fe4+  (2p 3/2)  shows  a 
peak  at  712.0  eV.  The  XPS  data  reveals  iron  as  having  Fe3+/Fe4+ 
mixed  chemical  states  for  the  SCFN  sample.  Similar  phenomenon 
was  also  observed  by  Jung  et  al.  in  perovskite  oxide 
Bao.5Sro.5CoxFei_x03_<5  [35  .  Fig.  4(c)  shows  the  Nb  3d  core-level 
XPS  spectra  of  the  SCFN  sample.  The  characteristic  peaks  of  Nb4+ 
and  Nb5+  are  206.0  eV  at  3ds/2  and  208.3  and  209.5  eV  at  3d3/2. 
Similar  results  have  been  previously  observed  [36],  indicating  that 
the  oxidation  states  of  Nb  in  the  compound  are  4+  and  5+.  The  Sr 
3d  core-level  XPS  spectrum  of  the  SCFN  sample  is  shown  in 
Fig.  4(d).  Only  one  chemical  state  of  strontium  is  found  in  the 
sample,  indicating  that  the  contribution  to  the  spectra  of  pure  Sr-0 
structure  originates  from  cubic-perovskite  SCFN  as  well  as  minor 
strontium  carbonate  and  hydroxyl  groups.  The  XPS  results  clearly 
indicate  the  existence  of  Fe3+/Fe4+,  Co3+/Co4+,  Nb4+/Nb5+,  and  Sr2+ 
species  in  the  SCFN  sample. 

3.3.  TGA  and  electrical  conductivity 

In  order  to  study  the  thermal  stability  of  the  SCFN  sample,  TGA 
measurement  is  performed  in  air  between  30  and  950  °C  during 
heating  and  cooling  processes.  Fig.  5  presents  the  TGA  curve  for  the 
SCFN  sample.  A  small  mass  loss  is  observed  in  the  curve  before 
200  °C,  which  is  associated  with  desorption  of  moisture,  carbon 
dioxide,  and  oxygen.  A  significant  linear  weight  loss  from  350  °C 
should  correspond  to  the  loss  of  lattice  oxygen  in  the  SCFN  sample. 

In  SCFN  mixed  conductors,  the  total  electrical  conductivity  in¬ 
volves  the  electronic  and  the  oxygen  ionic  conductivity.  The  oxygen 
ionic  conductivity  is  clearly  lower  than  the  electronic  conductivity. 
Therefore  the  measured  conductivity  values  can  be  mainly 
considered  as  the  electronic  conductivity.  Fig.  6  shows  the  electrical 
conductivity  behaviors  of  SCFN  sample  measured  in  air.  The  elec¬ 
trical  conductivity  increases  with  the  increasing  temperature, 
which  presents  a  semiconductor-like  behavior  and  reaches  a 
maximum  value  304  S  cm-1  at  350  °C.  Thereafter,  the  electrical 
conductivity  decreases  gradually,  which  is  characteristic  of 
metallic-like  behavior.  This  result  shows  the  SCFN  oxide  undergoes 


a  change  from  the  semiconductor-like  conduction  behavior  to  the 
metal-like  around  350  °C.  Similar  observations  are  also  reported  for 
cobalt-based  perovskite  oxides  13,37].  In  the  SCFN  system,  the 
donor  doping  of  Nb5+/Nb4+  at  the  B  site  may  result  in  the  partial 
reduction  of  (Co,  Fe)4+  to  (Co,  Fe)3+  as  electronic  charge  compen¬ 
sation,  which  is  confirmed  by  the  XPS  results.  Therefore,  the 
semiconductor-to-metal  transition  in  SCFN  cathode  can  be  mainly 
attributed  to  the  reduction  of  (Co,  Fe)4+  to  (Co,  Fe)3+,  accompanied 
by  the  loss  of  lattice  oxygen  and  the  formation  of  oxygen  vacancies 
[13,38].  This  result  is  in  agreement  with  the  TGA  observation  in 
Fig.  5.  Below  350  °C,  the  semiconductor-like  behavior  of  SCFN 
sample  is  attributed  to  the  hopping  conduction  mechanism  of  the 
small  polarons  through  the  transport  of  the  electron  holes  [39].  The 
charge  compensation  for  SCFN  is  primarily  electrons  at  low  tem¬ 
peratures,  and  the  conductivity  can  be  attributed  to  the  migration 
of  electron  holes.  Above  350  °C,  the  ionic  compensation  is  domi¬ 
nantly  due  to  the  loss  of  the  lattice  oxygen,  leading  to  a  decrease  in 
the  oxygen  content  of  the  SCFN.  According  to  the  defect  reaction 
written  in  the  Kroger-Vink  notation. 

00x  =  V"  +  2e' +  x-02{g)  (1) 

e'  +  h*  =  0  (2) 

The  increased  concentration  of  oxygen  vacancies  decreases  the 
concentration  of  electron  holes.  Therefore,  the  electrical  conduc¬ 
tivity  decreases  to  show  metallic-like  behavior  above  350  °C  [37,39]. 
Nevertheless,  the  conductivity  values  of  the  SCFN  sample  are 
83-200  S  cm-1  within  the  operating  temperature  range  of  IT-SOFCs, 
which  is  much  higher  than  other  SrCo03_<5  and  BaCo03_5-based 
oxides.  For  example,  the  maximum  values  are  50  and  13  S  cm”1  for 
Bao.5Sro.5Coo.8Feo.203_<5  [40  and  BaCoojFecaNbo.iC^^  [41  ,  respec¬ 
tively.  Therefore,  it  is  feasible  to  use  SCFN  oxide  as  a  cathode  ma¬ 
terial  in  IT-SOFCs. 

3.4.  Thermal  expansion 

In  the  fuel  cells,  the  TECs  of  the  electrode  and  electrolyte  should 
be  taken  into  account  because  the  mismatch  of  TECs  will  result  in 
the  thermal  stresses,  residual  stresses,  and  the  following  degrada¬ 
tion  of  the  fuel  cells  [42  .  In  this  experiment,  SDC  is  introduced  to 


Fig.  10.  Surface  microstructure  and  EDS  results  of  the  SCFN-50SDC  composite 
structure. 
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match  the  TECs  between  SCFN  and  SDC.  The  thermal  expansion 
behavior  of  the  SDC  and  SCFN-xSDC  is  measured  in  air  (Fig.  7),  and 
Fig.  8  shows  the  average  TEC  values  between  30  and  850  °C  as  a 
function  of  SDC  proportion  in  SCFN.  Pure  SCFN  possesses  a  high 
value  of  TEC  (25.06  x  0“6  K”1),  while  the  TEC  of  SDC  is 
12.39  x  10~6  K_1.  And  this  mismatch  of  TECs  will  inevitably  impair 
the  longevity  of  SOFCs.  As  expected,  the  introduction  of  SDC  into 
SCFN  efficiently  reduces  the  TEC  of  the  composite  cathodes  and 
decreases  the  mechanical  mismatch  between  cathode  and  elec¬ 
trolyte  materials.  For  instance,  the  TEC  value  of  SCFN-60SDC  is 
equal  to  13.53  x  1CT6  K_1.  The  reduced  thermal  expansion  may  be 
ascribed  to  the  small  TEC  of  SDC  as  well  as  the  increased  porosity 
due  to  the  addition  of  SDC  in  the  composite  cathode,  which  will  be 
further  investigated  from  the  microstructure  of  the  materials.  The 
curve  of  pure  SCFN  is  nonlinear  and  the  value  of  dL/Lo  increases 
upon  heating  first,  and  then  shows  an  inflection  range  occurring  at 
temperatures  between  325  and  350  °C,  which  may  be  attributed  to 


the  formation  of  oxide  ion  vacancies.  And  this  conclusion  is  in 
excellent  agreement  with  TGA  analysis. 

3.5.  Microstructure 

Fig.  9(a-f)  shows  the  cross-sectional  SEM  micrographs  of 
SCFN-xSDC  layer  sintered  at  950  °C  for  2  h  on  SDC  electrolytes.  The 
bottom  of  the  micrograph  indicates  the  dense,  sintered  SDC  elec¬ 
trolyte,  and  the  upper  portion  shows  the  porous  cathode/com¬ 
posite  electrodes.  The  SEM  images  indicate  the  good  bonding  and 
continuous  contact  at  the  interfaces,  suggesting  a  good  thermal 
compatibility  between  the  electrolyte  and  cathode.  The 
morphology  of  SCFN-xSDC  powders  are  not  a  uniform  mixture  of 
fine  particles.  And  the  two  oxides  are  separated  completely  from 
each  other,  but,  more  likely,  an  agglomerate  mixture  of  the  two 
components.  The  small  SDC  grains  are  dispersed  homogeneously 
on  the  large  SCFN  particles  surface  and  the  interconnections 
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Fig.  11.  Impedance  spectra  of  SCFN-xSDC  composite  cathodes  on  SDC  electrolyte  measured  at  650-800  °C  in  air. 
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between  the  two  particles  are  much  closer.  Moreover,  the  cross- 
sectional  image  in  Fig.  9(a-f)  reveals  a  reasonable  porosity  to 
ensure  gas  diffusion.  And  the  porosity  of  the  SCFN-50SDC  cathode 
is  measured  to  be  -33.8%  by  image  analysis.  The  composite  cath¬ 
odes  provide  high  porosity,  tortuosity  and  efficient  current  collec¬ 
tion,  and  thus  enlarge  the  electrochemically  active  areas  via 
reducing  the  portion  of  the  isolated  catalysts,  which  is  consistent 
with  the  low  Rp  values  of  these  composites  in  Fig.  11.  Fig.  9(g)  shows 
the  cross-sectional  SEM  image  of  NiO-SDC  composite  anode  on 
SDC  electrolyte  sintered  at  1250  °C  for  4  h.  The  attachment  of  the 
composite  anode  is  high  and  no  delamination  is  observed  at  the 
NiO-SDC/SDC  interface. 

The  surface  microstructure  and  elemental  composition  of  the 
SCFN-50SDC  sample  are  characterized  by  SEM  and  EDS  micro¬ 
analysis,  which  is  shown  in  Fig.  10.  The  morphologies  of  the  SCFN 
(irregular  shape)  and  SDC  (spherical  shape)  particles  are  distin¬ 
guishable.  The  composite  cathode  consists  of  uniformly  distributed 
nano-sized  (100-200  nm)  spherical  SDC  grains  in  the  SCFN  parti¬ 
cles.  In  the  examined  cathode  grain,  only  elements  from  the  cath¬ 
ode  can  be  detected.  In  the  examined  electrolyte  grain,  the  higher 
apparent  content  of  elements  from  the  electrolyte  can  be  detected, 
while  some  Sr,  Co,  Fe  and  Nb  also  appear  due  to  the  large  area  of 
excitation  of  the  SEM  beam  of  around  1.5  pm  with  the  electrolyte. 

3.6.  Polarization  resistance 

In  order  to  investigate  the  effect  of  SDC  content  on  the  perfor¬ 
mance  of  SCFN-xSDC  composite  cathodes,  electrochemical 
impedance  spectroscopy  (EIS)  of  the  symmetrical  cells  is  investi¬ 
gated  at  different  temperatures  in  air.  Fig.  11  shows  the  EIS  of 
SCFN-xSDC  cathodes  on  SDC  electrolyte  measured  at  650-800  °C 
in  air.  The  right  intercept  on  the  real  axis  represents  the  total 
resistance  (Rt ot)  and  the  left  intercept  on  the  real  axis  corresponds 
to  the  ohmic  resistance  (R0 hm,  including  the  electrolyte,  electrodes 
and  connection  wires).  The  polarization  resistance  ( Rp )  is  estimated 
from  the  difference  between  Rtot  and  R0 hm  (ftp  =  fttot  -  ftohm)-  From 
the  impedance  spectra,  it  can  be  seen  that  the  Rp  of  SCFN-xSDC 
composite  cathodes  change  from  0.0483  Q  cm2  for  pure  SCFN  to 
0.0255  Q  cm2  for  SCFN— 50SDC  at  800  °C.  The  47%  decrease  of  Kp 
attributes  to  the  large  oxygen  vacancy  in  SDC  which  is  beneficial  to 
establish  sufficient  TPBs  and  increase  the  paths  to  transfer  the  ox¬ 
ygen  ions  [43].  The  detailed  process  can  be  explained  as  follows.  As 
one  kind  of  MIEC,  SCFN  with  cubic  perovskite  structure,  the  oxygen 
reduction  occurs  not  only  on  the  TPBs  but  also  on  the  surface  of 


Fig.  12.  Schematic  of  the  possible  process  of  oxygen  reduction  reaction  in  SCFN-xSDC 
composite  cathodes. 


Fig.  13.  Dependence  of  Rp  for  SCFN-xSDC  composite  cathodes  with  different  SDC 
content  at  650-800  °C  in  air. 


cathode.  The  overall  electrochemical  reaction  for  oxygen  reduction 
at  a  SOFC  cathode  can  be  simply  described  as  an  equation. 

io2(g)+2e-  =  02-  (3) 

In  reality,  it  may  involve  many  sub-steps  such  as  gas  diffusion, 
surface  adsorption,  dissociation,  electron  and  ion  charge  transfer, 
and  so  on  [44  .  In  order  to  operate  a  cell  in  intermediate  temper¬ 
ature  range,  it  is  of  vital  importance  to  accelerate  the  oxygen 
reduction  reaction  in  the  cathode  and  the  oxygen  transport  in  the 
cathode  and  electrolyte.  Adler  et  al.  [45,46]  demonstrated  that  the 
oxygen  reduction  reaction  in  MIEC  electrodes  was  governed  by  the 
oxygen  surface  exchange  and  the  oxygen  diffusion.  The  adsorbed 
molecular  oxygen  is  first  reduced  to  oxygen  ions,  and  then  diffuses 
toward  the  cathode-electrolyte  interface  and  electrolyte  bulk. 
Therefore,  the  oxygen  vacancy  is  important  for  the  oxygen  reduc¬ 
tion  reaction  in  IT-SOFCs  because  they  are  closely  related  to  oxygen 


Fig.  14.  Arrhenius  plots  of  the  polarization  resistance  of  SCFN-xSDC  cathode  on  SDC 
electrolyte. 
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Fig.  15.  (a)  Experimental  and  fitting  results  of  impedance  spectra  for  the  SCFN-50SDC/SDC/SCFN-50SDC  symmetrical  cell  measured  at  various  temperatures  in  air.  The  numbers  in 
these  plots  correspond  to  logarithm  of  frequency;  (b)  the  adopted  equivalent  circuit  models. 


dissociation,  transportation,  and  incorporation.  Moreover,  the  ox¬ 
ygen  ions  diffusion  ability  is  limited  by  the  concentration  of  oxygen 
vacancies  [30  .  Fig.  12  depicts  the  possible  process  of  oxygen 
reduction  reaction  in  SCFN-xSDC  composite  cathode  on  SDC 
electrolyte.  The  addition  of  SDC  with  proper  content  in  the  com¬ 
posite  cathodes  gives  more  channels  to  transport  oxygen  ions  via 
increasing  the  concentration  of  total  oxygen  vacancies.  Meanwhile, 
the  TPBs  increase  when  SDC  is  added  into  SCFN  as  a  composite 
cathode.  Hence,  the  oxygen  reduction  reaction  can  occur  at  much 
more  TPBs,  subsequently,  more  oxygen  ions  may  diffuse  to  the  SDC 
electrolyte,  and  the  oxygen  diffusion  is  improved. 

The  ftp  values  for  the  SCFN-xSDC  composite  cathodes  at 
different  temperatures  are  exhibited  in  Fig.  13.  Increase  of  the  SDC 
content  from  0  to  50  wt%  results  in  a  continuous  decrease  in  ftp, 
which  indicates  that  SDC  particles  could  accelerate  the  transport  of 
oxygen  ions  through  the  electrode  and  results  in  better  perfor¬ 
mance  for  the  composite  cathode.  When  the  content  of  SDC  in 
SCFN-xSDC  cathode  is  50  wt%,  the  lowest  ftp  is  obtained  at  800  °C. 
When  SDC  content  increase  from  50  to  60  wt%,  the  cathode  po¬ 
larization  resistance  increase,  which  presumably  is  caused  by  the 
decrease  of  electrochemical  reaction  sites  with  the  decrease  of 
SCFN.  On  the  other  hand,  the  electron  transport  channels  of  SCFN 
are  blocked  because  of  the  reduced  connectivity  of  SCFN  with  the 
increase  of  SDC  content.  EIS  measurement  results  show  that 
SCFN-50SDC  cathode  presents  the  lowest  ftp  in  these  composite 
cathodes  at  650-800  °C.  Similar  results  are  reported  in  recent  re¬ 
searches,  for  example,  the  addition  of  50  wt%  Ceo.9Gdo.1O1.95  (GDC) 
to  SmBaCoFe05+(5  cathode  results  in  the  reduced  ftp  compared  with 
a  cathode  with  30  wt%  GDC  [47  ,  and  a  mixture  of  40  wt%  SDC  with 
Sr2Fe1.5Moo.5O6  offers  lower  ftp  [48  .  And  optimized  ftp  is  reported 
in  La0.6Sro.4Coo.2Feo.803_5:  (60  wt%)  GDC  [49],  SmBao.5Sro.5Co205+§: 
(50  wt%)  GDC  50]  and  Lai_xSrxMn03:  (40  wt%)  yttria-stabilized 


zirconia  (YSZ)  [51  .  Fig.  14  shows  Arrhenius  plots  of  the  ftp  values 
for  SCFN-xSDC  composite  cathodes.  The  activation  energy  of  the 
composite  cathodes  decreases  compared  to  pure  SCFN  cathode 
because  the  addition  of  the  SDC  electrolyte  effectively  extends 
electrochemical  TPBs  and  increases  the  number  of  active  sites.  A 
similar  result  has  been  reported  in  the  SmBaCc>2C)5+(5  and  GDC 
composite  cathodes,  where  the  activation  energies  decrease  with 
GDC  content  [52]. 

To  get  further  knowledge  of  the  electrochemical  performance  of 
SCFN-xSDC,  the  impedance  spectra  are  fitted  by  the  ZSimpWin 
software  using  the  equivalent  circuit  models.  As  a  typical  example, 
Nyquist  plots  of  the  electrochemical  impedance  spectra  for 
SCFN-50SDC  cathode  measured  at  various  temperatures  are 
shown  in  Fig.  15(a).  The  equivalent  circuit  for  the  analysis  of  the 


Table  1 

The  fitting  parameters  for  the  impedance  spectra  (Fig.  15)  of  SCFN— 50SDC/SDC/ 
SCFN— 50SDC  symmetric  cell  measured  at  various  temperatures  in  air. 


T(°C) 

800 

750 

700 

650 

1(H) 

8.985  x  10'7 

8.021  x  10~7 

6.380  x  10'7 

3.585  x  10~7 

R(Q  cm2) 

0.367 

0.467 

0.622 

0.870 

Arcl 

CPEi-Q. 

(F  CUT2) 

4.57  x  10'4 

4.30  x  10'4 

2.76  x  10  4 

2.74  x  10~4 

CPEi.n 

0.62 

0.59 

0.61 

0.60 

i?i  (Q  cm2) 

4.7  x  10~2 

6.9  x  10’2 

9.8  x  10~2 

1.68  x  10  1 

F,  (Hz) 

3239.1 

2236.9 

1747.7 

1447.0 

Ci  (F  cm'2) 

1.04  x  10~3 

1.03  x  10~3 

9.29  x  10~4 

6.55  x  10~4 

Arc2 

cpe2-q 

(F  cm'2) 

2.74  x  10'2 

2.06  x  10’2 

9.06  x  10’3 

5.49  x  10~3 

CPE2_n 

0.90 

0.70 

0.70 

0.67 

R2  (Q  cm2) 

8.0  x  10~3 

1.2  x  10~2 

3.0  x  10~2 

5.3  x  10~2 

F2  (Hz) 

9.03 

12.62 

21.00 

23.00 

C2  (F  cm-2) 

2.20 

1.05 

0.25 

0.13 
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Fig.  16.  Arrhenius  plots  of  Rs dc.  and  RL  of  SCFN-50SDC  cathode  on  SDC  electrolyte. 


impedance  data  is  illustrated  in  Fig.  15(b).  The  Rsdc  of  the  electrical 
equivalent  circuit  represents  the  electrolytic  (SDC)  resistance.  L  is 
the  inductance  originating  from  equipment  and  connection  cables. 
Am/CPEi  and  ]?l/CPE2  represent  the  resistance/capacitance  due  to 
middle  and  low  frequency  arcs,  respectively.  The  impedances  of  a 
symmetric  cell  may  arise  from  both  the  electrodes  and  electrolyte. 
As  shown  in  Fig.  15(a),  the  electrolyte  typically  performs  as  an  ideal 
resistor  and  displays  only  a  dot  in  the  Nyquist  plots  at  different 
temperatures  in  the  relatively  high-frequency  (HF).  And  two 
depressed  semicircles  are  observed  in  the  Nyquist  plots.  According 
to  the  impedance  plots  of  MIEC  reported  by  Adler  [53  ,  charge- 
transfer  resistance  originating  from  ion  transfer  at  the  interface  of 


electrode  and  electrolyte  is  observed  for  the  mid-frequency  (MF) 
arc,  while  the  impedance  at  low-frequency  (LF)  is  associated  with 
non-charge  transfer,  such  as  oxygen  surface  exchange  and  gas- 
phase  diffusion  inside  and  outside  the  electrode  layer.  Table  1 
summarizes  the  fitting  parameters  as  a  function  of  temperature 
for  SCFN-50SDC  electrode.  The  temperature  dependence  of  the  HF 
resistance  {Rsdc),  the  MF  resistance  ( Rm )  and  the  LF  resistance  ( Ri ), 
is  presented  in  Fig.  16.  Evidently,  the  Rsdc,  Rm  and  exhibit 
Arrhenius  behavior  within  the  studied  temperature  range.  The 
magnitude  of  the  activation  energy  (Fa)  0.49  eV,  which  is  obtained 
from  temperature-dependent  Rsdc,  is  slightly  lower  than  the 
common  reported  values  (Fa  ~  0.77-1.03  eV)  [54-56  .  The  slightly 
lower  value  for  the  estimated  Fa  is  attributed  to  the  nano-sized  SDC 
particles.  Therefore,  assuming  that  Rsdc  is  the  electrolyte  resistance 
due  to  migration  of  O2-  through  SDC  electrolyte  is  justified.  In 
addition,  the  decreased  dependence  of  the  Rm  and  on  the  tem¬ 
perature  (Fig.  16)  agrees  with  previous  reports  [57].  To  get  more 
insight  into  the  mechanism  of  oxygen  reduction  over  the 
SCFN-50SDC  electrode,  the  capacitance  and  angular  relaxation 
frequency  /,  which  is  an  independent  parameter  of  sample  geo¬ 
metric  characteristics  and  is  a  very  use  tool  to  identify  the  oxygen 
reduction  process,  are  calculated  based  on  the  following  equations 
[58]:  /  \ 
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As  shown  in  Table  1,  both/and  capacitance  for  MF  arcs  are  similar 
to  the  reported  values  for  oxide-ion  transfer  through  the  electro¬ 
lyte-electrode  interface  [58  .  Therefore,  MF  arc  is  assigned  to  the 
impedance  associated  with  oxide-ion  charge  transfer  through  the 
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Fig.  17.  Cell  voltage  and  power  density  as  functions  of  current  density  with  SCFN-xSDC  (x  =  0,  40,  50  and  60)  cathodes. 
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interface  between  SCFN-50SDC  and  SDC.  The  polarization  resistance 
associated  with  this  process  is  about  3/4 — 6/7  that  of  the  total  cath¬ 
ode  oxygen  reduction,  suggesting  the  oxygen-ion  charge  transfer 
through  the  electrode-electrolyte  plays  an  important  role  in  the 
overall  oxygen  reduction  in  the  SCFN-50SDC  composite  cathode. 

3.7.  Cell  performance 

Fig.  17(a)— (d)  shows  cell  voltage  and  power  density  as  a  function 
of  current  density  for  the  Ni-SDC/SDC/SCFN-xSDC  cell  with  cath¬ 
odes  x  =  0,  40,  50  and  60,  respectively.  The  cell  is  tested  using  dry 
H2  as  fuel  and  ambient  air  as  oxidant  in  the  temperature  range  of 
600-800  °C.  At  800  °C,  the  maximum  power  density  values  of  the 
cell  are  417,  557,  630  and  517  mW  cnrT2  for  SCFN-xSDC  cathodes 
with  x  =  0  to  60,  respectively.  This  result  is  consistent  with  the  ftp 
data  mentioned  above.  High  power  densities  demonstrate  that 
SCFN-xSDC  oxides  are  promising  cathode  materials  for  IT-SOFCs.  In 
addition,  the  cell  with  SCFN-50SDC  cathode  presents  a  more 
excellent  performance,  compared  to  SCFN-xSDC  cathode  with 
x  =  0,  40  and  60.  Therefore,  the  SCFN-50SDC  cathode  is  preferred 
for  applications  in  IT-SOFCs. 

4.  Conclusions 

The  SCFN  oxide  is  investigated  for  the  potential  cathode  for  IT- 
SOFCs.  The  SCFN  oxide  has  a  pure  cubic  perovskite  structure.  The 
SCFN  cathode  material  also  shows  a  good  chemical  compatibility 
with  the  SDC  electrolyte.  There  are  no  seriously  reactions  between 
SDC  electrolyte  and  SCFN  cathode  except  a  slight  peak  shift.  The 
XPS  results  indicate  that  the  transition-metal  cations  in  the  SCFN 
oxide  participate  as  mixed  valence  states  of  Co3+/Co4+,  Fe3+/Fe4+, 
Nb4+/Nb5+.  The  conduction  behavior  of  the  SCFN  oxide  undergoes  a 
change  from  semiconductor-like  to  metal-like  around  350  °C.  The 
addition  of  SDC  lowers  the  TECs  of  SCFN  sharply  and  reduces  the 
thermal  expansion  mismatch.  The  SDC  addition  reduces  the  po¬ 
larization  resistance.  The  lowest  ftp  of  0.0255  Q  cm2  is  achieved  at 
800  °C  for  SCFN-50SDC  composite  cathode.  When  SCFN-xSDC  is 
used  as  the  cathode,  the  electrolyte-supported  (thickness  of  elec¬ 
trolyte  is  300  pm)  single-cells  get  excellent  performance.  The 
maximum  power  density  of  cells  for  x  =  0,  40,  50  and  60  are  417, 
557,  630  and  517  mW  cm-2  at  800  °C,  respectively.  All  results  show 
that  SCFN-50SDC  composite  cathode  is  a  promising  material  for  IT- 
SOFC  based  on  SDC  electrolytes,  whose  stability  and  performance 
on  single  cell  will  be  investigated  in  the  future. 
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